METHODS

Human cALD brain and normal brain tissues
Frozen ( Ϫ 80°C) postmortem cALD brain tissue (cerebrum section slices from four patients) and age-matched frozen control brain tissue (cerebrum section slices from three subjects) were obtained from the Brain and Tissue Bank for Developmental Disorders at the University of Maryland, Baltimore, MD, USA. Another sample of frozen cALD brain tissue was harvested within 2 h of death (age 9 years) at our hospital at the Medical University of South Carolina (MUSC) and was used in this study as described earlier ( 11, 14 ) . All brain samples were received after the submission of research design to the Brain and Tissue Bank. MUSC Institutional Review Board recognizes such samples as "non human subject research" and allowed us to use them without its approval. All fi ve cALD brains had elevated levels of VLCFA, measured as levels of C26:0 ( g/mg protein) and increased levels of cholesterol ester compared with age-matched control brains. The different areas of white matter (plaque, plaque shadow, away from plaque) from each cALD brain were identifi ed and sliced by an experienced pathologist (Dr. Avtar K. Singh, M.D., Department of Pediatrics and Department of Pathology and Laboratory Medicine, MUSC, Charleston, SC). Three different white matter samples of each area from each cALD brain and three white matter brain samples from each normal control brain were dissected on a cold plate and weighed after removal of meninges, blood vessels, and gray matter. Gray matter samples were also analyzed and compared with white matter. Gray matter from the cALD brain showed no signifi cant alterations in the levels of VLCFA and cholesterol ester compared with gray matter from the normal control brain tissue.
Lipid extraction and analysis from brain tissue
Total lipids from brain tissue were extracted and resolved as described earlier ( 12, 14, 26, 27 ) . Levels of two phospholipids, PC and phosphatidylethanolamine (PE), and the sphingolipid SM were measured by high performance TLC and quantitated by densitometry as described earlier ( 27, 28 ) .
Preparation of mouse primary astrocytes
C57BL6 breeding pairs were purchased from Jackson Laboratory (Bar Harbor, ME) and maintained at the institution's animal facility. Animal procedures were approved by the Institutional Animal Care and Use Committee. Animals received humane care in compliance with MUSC's experimental guidelines and the NRC's criteria for humane care in the Guide for Care and Use of Laboratory Animals .
Primary astrocyte-enriched cultures were prepared from the whole cortex of 1-day-old C57BL/6 mice as described earlier in rats and mice ( 29, 30 ) . Briefl y, the cortex was rapidly dissected in ice-cold calcium/magnesium-free Hanks' balanced salt solution (pH 7.4) as described previously ( 30 ) . The tissue was then minced, incubated in Hanks' balanced salt solution containing trypsin (2 mg/ml) for 20 min, washed twice with culture medium DMEM containing 10% FBS and 10 g/ml gentamicin, and then disrupted by triturating through a Pasteur pipette, following which cells were seeded in 75 cm 2 culture fl asks (Falcon, Franklin, NJ). After incubation at 37°C in 5% CO 2 for 1 day, the medium was completely changed. The cultures received half exchanges with fresh medium twice per week. After 10 days, the cells were shaken for at least 30 min on an orbital shaker to remove the microglia, and fl asks were incubated for 1 day and then shaken again for 8 h to remove the oligodendrocytes. The remaining population was used for astrocyte cultures [approximately 95-99% pure as determined by immunostaining for glial is the major substrate of cytosolic phospholipase A2 (cPLA2), which release arachidonic acid (AA) from PC. AA is a major substrate for lipoxygenases and cyclooxygenases (COX) ( 15, 16 ) . Originating from the oxidative metabolism of AA, lipid mediators such as malondialdehyde, 4-hydroxynonenal, acrolein, and protein carbonyl have been documented in both histologically normal and inflammatory areas of the cALD brain ( 14, 17 ) . Levels of the potent chemoattractant leukotriene B4 (LTB4) and blood brain barrier toxic cysteinyl leukotrienes (Cys LTs) are also elevated in the cerebrospinal fl uid (CSF) of demyelinating and predemyelinating cALD patients, indicating the involvement of 5-lipoxygenase ( 5-LOX) activity in the neuropathology of cALD disease. However, the role of lipoxygenase-and COXderived bioactive lipids, including LTs and prostaglandins (PGs), has not previously been investigated in the cALD brain.
Biosynthesis of LTs and PGs requires AA released by the activation of cPLA2 (phospho-cPLA2; p-cPLA2). AA is then metabolized by 5-LOX and COX-2, leading to formation of LTs and PGs, respectively. Both cPLA2 and 5-LOX concomitantly translocate to the nuclear envelope, where cPLA2 presents AA to the 5-LOX/5-LOX activating protein complex ( 18 ) . Subsequently, this complex converts AA into 5-HpETE, which is unstable and gets converted to LTA4 by 5-LOX. LTA4 is the common substrate for the biosynthesis of LTB4 and Cys LTs ( 18, 19 ) . The amount of free AA available as a substrate for 5-LOX and the levels of PC determine the overall activity of the 5-LOX enzyme ( 20 ) . PC selectively directs 5-LOX to the nuclear membrane, and calcium facilitates this 5-LOX membrane translocation ( 21 ). 5-LOX products have diversifi ed functions. Whereas LTB4 is a potent chemoattractant, Cys LTs induce cell death or proliferation via their receptors in a cell-type-specifi c manner ( 22, 23 ) . Because LTs modify cysteine residues of proteins/ peptides, including glutathione (GSH), they are implicated in oxidative/lipoxidative stress and subsequent infl ammation (23) (24) (25) .
In the present study, we investigated the expression and activity of phospholipid/AA metabolizing infl ammatory enzymes, including cPLA2, 5-LOX, and COX-2, in various areas of the cALD brain and evaluated potential causal relationships between VLCFA and those enzymes involved in the metabolism of AA. We observed not only increased expression of 5-LOX and high levels of LTs but also decreased levels of GSH, even in the histologically normal areas away from the plaque in the cALD brain. Similar to 5-LOX, the expression levels of cPLA2 and p-cPLA2 were also increased. Enrichment of C26:0, either by gene interference (silencing of Abcd1+Abcd2) in mouse primary astrocytes or by treatment of glial cells with exogenous C26:0, resulted in an increased expression of 5-LOX, indicating a causal relationship with the accumulation of VLCFA. This relationship was further supported by the decreased expression of 5-LOX when the levels of C26:0 were decreased by treatment with a combination of oleic and erucic acids.
5-Lipoxygenase toxicity in cALD
For the lipids and Western studies, the cells were treated similarly in 6-well plates under identical conditions as described above for immunohistochemical studies. Lipids and fatty acids were analyzed as previously described ( 14 ) .
Preparation and analysis of fatty acid methyl ester by GC and quantitation of VLCFA and PUFA Fatty acid methyl esters (FAMEs) from the brain-extracted lipids or cultured cells or lipid fraction PC were prepared according to the procedure of Lepage and Roy ( 31 ) with modifi cation as previously described ( 32 ) . Heptacosanoic acid (C27:0; 2 g) and heneicosanoic acid (C21:0; 2 g) were used as internal standards. The purifi ed samples of FAME were analyzed on a fused silica capillary column 25 M 007 Series methyl silicone, 0.25 mm internal diameter from Quadrex Corp. (Woodbridge, CT) in a gas chromatograph GC-17A connected with a fl ame ionization detector from Shimadzu Corporation. The peaks of individual FAMEs were identifi ed by comparison of their relative retention times with those of known standards, and they were later verifi ed by the addition of standards to prepared samples. The individual FAMEs were measured as absolute quantities by comparison with an internal standard and also as an area percent, as described earlier ( 33 ) . The measurement of VLCFA (C26:0) is represented either as ratio of C26:0/C22:0 or as mass of 26:0 (nmol/mg protein) as described earlier ( 14, 26, 32, 33 ) .
Expression of cPLA2, 5-LOX, p-5-LOX and COX-2 by Western blot of brain areas from cALD and control (normal) brains
Brain tissues obtained from control and ALD patients and cultured cells were homogenized on ice in a sucrose buffer (0.25 mM sucrose, 1 mM ethylenediaminetetraacetic acid, 3 mM imidazole protease inhibitor cocktail, pH 7.4). After centrifugation at 10,000 g for 15 min at 4°C, the total protein content in the supernatant was determined. Equal amounts of supernatant protein were subjected to SDS-PAGE (4-20% Tris-HCl Criterion gradient Gel; Bio-Rad Laboratories, Hercules, CA) and electrophoretically transferred to 0.2 m nitrocellulose membrane (Bio-Rad Laboratories). Blots were probed as described earlier using primary antibodies against cPLA2, 5-LOX, COX-2, heat shock protein-70 (HSP-70), ␤ -actin (Santa Cruz Biotech, Santa Cruz, CA), manganese superoxide dismutase (MnSOD) (SigmaAldrich, St Louis, MO), phospho-cPLA2, and phospho-5-LOX (Cell Signaling Technology, Inc. Danvers, MA).
Expression of 5-LOX, COX-2, p-cPLA2, ED1, and GFAP by immunohistochemistry of brain section from cALD and control (normal) brains
Immunoreactive 5-LOX, COX-2, p-cPLA2, ED1, and GFAP were detected using specifi c antibodies. Paraffi n-embedded sections from formalin-fi xed brain tissues were stained for 5-LOX (goat polyclonal from Santa Cruz Biotech, Santa Cruz, CA), COX-2 (goat polyclonal, from Santa Cruz Biotech), p-cPLA2 (rabbit polyclonal, from Cell Signaling Technology), ED1 (mouse monoclonal from Biosource International, Camarillo, CA), and anti-GFAP (rabbit polyclonal, 1:200; DAKO) as described earlier ( 11, 14 ) . Deparaffi nized tissue sections were subjected to an antigen unmasking protocol with citrate buffer (Vector Labs, Burlingame, CA). Nonspecifi c antibody binding was blocked by incubating sections in TBS containing 5% normal donkey serum and 3% BSA (blocking buffer) for 1 h. Primary antibodies were diluted in blocking buffer and applied to sections overnight at 4°C. Controls included replacement of primary antibodies with surrogate immunoglobulins or no primary antibody. Slides were washed 3 × 5 min in TBS with 0.05% Tween 20. Bound primary antibodies were detected with a fi brillary acidic protein (GFAP)] ( 9 ). All the cultured cells were maintained at 37°C in 5% CO 2 .
Gene silencing by siRNA of Abcd1 and Abcd2 in primary astrocytes
The silencing of Abcd1 and Abcd2 in mouse primary astrocytes has been described earlier ( 9, 14 ) . Briefl y, the Silencer siRNA (Ambion, Austin, TX) was used for Abcd1 and/or Abcd2 silencing in primary mouse astrocytes. Mouse astrocytes cultured in DMEM with 10% FBS and in the presence of antibiotic were transfected with siRNA for Abcd1 and/or Abcd2 using the si-PORT NeoFX transfection agent (Ambion). Three siRNA for each Abcd1 and Abcd2 (Ambion) were used (Abcd1: siRNA 1, ID 162218,
The siRNAs were mixed and diluted in OPTI-MEM1 medium to a fi nal concentration of 30 nM/well. The siRNA transfection agent was dispensed into culture plates as directed by the manufacturer. Included also were a positive control using GAPDH siRNA (Ambion) and a negative control having sequence similarity to no known human, mouse, or rat gene. Cells were maintained in DMEM with reduced serum (2%). Silencing was observed by Western blot and mRNA quantifi cation. For protein analysis of the transfected cells, two wells per plate were lysed and used for immunoblots (Western blot). In some experiments, cells were maintained either in the presence of oleic acid sodium salt (40 M) and erucic acid sodium salt (40 M) in a ratio of 1:1 for 4 days in DMEM with 2% fetal bovine serum before harvesting for analysis. Sodium salts of both oleic and erucic acids were solubilized in DMEM.
Enrichment of fatty acids and detection of 5-LOX expression in mouse primary astrocytes and in rat mixed glial cells
Rat cortical mixed glial cell and mouse primary astrocyte cultures were generated as previously described ( 9 ) . After reaching confl uency, cells were trypsinized and counted. 5 × 10 4 cells were added to each chamber of several 4-chamber slides (LabTEK). After allowing cells to adhere for 24 h, they were incubated for 6 days with 0-1 M C16:0 CoA, C26:0 CoA, or CoA (CoAs were solubilized in DMEM). Media were changed every day, with fresh fatty acids added. Slides were fi xed and then stained using standard immunofl uorescence protocols for 1 h with the following antibodies: anti-GFAP (rabbit polyclonal, 1:200; DAKO, Carpinteria, CA) and anti-5-LOX goat polyclonal (1:100; SantaCruz Biotech.). Bound primary antibodies were detected with fl uorophore-conjugated secondary antibodies (Alexa Fluor 488 and 555, 1:500 Molecular Probes; Invitrogen, Carlsbad, CA). Hoechst 33342 (Molecular Probes, Invitrogen) was used to visualize nuclei. Slides were analyzed for epifl uorescence using an Olympus BX-60 research microscope. Images were acquired using a 12.5 megapixel cooled digital color camera (DP70, Olympus, Center Valley, PA) and DP Controller software. Image processing and compilation were performed using Adobe Photoshop CS2 Software (Adobe Systems Inc., San Jose, CA). Minimal adjustments to image brightness, contrast, and levels were made on intact fi gures to enhance image clarity.
by guest, on October 29, 2017 www.jlr.org Downloaded from BIOXYTECH ® GSH/GSSG-412™ colorimetric assay kit from Oxis Research. The kit uses 5, 5 ′ -dithiobis-2-nitrobenzoic acid and GSH reductase as described by Tietze ( 35 ) with some modifi cation, using 1-methyl-2-vinylpyridinium trifl uoromethanesulfonate instead of N-ethylmaleimide. Brain tissues were minced and homogenized (g/10 ml) in 5% m -phosphoric acid. The procedure was followed per the manufacturer's instructions, and the GSH levels were recorded as micromolar GSH based on standards supplied with the kit. Data are expressed as percent change.
Statistical evaluation
Statistical analysis was performed using Graphpad Prism 3.0 software (San Diego, CA). All values were expressed as mean ± SD of n determinations or as indicated. The results were examined by an unpaired t -test. Multiple comparisons were performed using ANOVA followed by the Bonferroni test as appropriate. A P -value <0.05 was considered signifi cant.
RESULTS
Alterations in white matter of cALD brain characterized by histopathological and biochemical studies
The neuroinfl ammatory demyelinating disease in cALD is secondary to ALDP gene mutation/deletion and subsequent VLCFA accumulation. To understand fl uorophore-conjugated secondary antibody (AlexaFluor 488 and 555, Molecular Probes; Invitrogen) at a concentration of 10 g/ml and diluted in blocking solution for 1 h at room temperature. Slides were washed 3 × 5 min in TBS with 0.05% Tween 20 followed by an additional wash for 5 min in distilled water. For double labeling, the second primary antibody was added prior to incubation with fl uorescently labeled secondary antibodies. Nuclei were labeled with Hoechst dye. Slides were mounted with GelMount mounting medium under No. 1.5 cover slips. All sections were analyzed using an Olympus BX-60 microscope, and images were captured using a digital video camera controlled by Adobe Photoshop 7.0 (Adobe Systems).
Measurement of leukotrienes in brain tissue
Samples of white matter from different areas of cALD and control brains were quickly isolated on ice. The samples were prepared as described ( 34 ) . In brief, the tissues were weighed and homogenized in ice-cold absolute ethanol. After centrifugation of the homogenates at 15,000 g at 4°C for 30 min, the supernatant was collected and fi ltered through a 0.2 m fi lter. The fi ltration was dried under nitrogen and resuspended in an ELISA buffer. The tissue levels of LTB4 and Cys LT were measured according to the protocol of the enzyme immunoassay kit (Assay Designs). All measurements were carried out three times.
Measurement of GSH in brain
Levels of reduced GSH in the white matter from different areas of cALD and control brains were measured using a Fig. 1 . A photomicrographic representation and molecular identifi cation of cALD brain showing areas from plaque, plaque shadow, and away from plaque in white matter. The samples were collected from the white matter brain regions in and around the plaque from cALD patients (2-4) and white matter from agematched control (normal) subjects (1) as described ( 14 ) . The normal-looking area from cALD brain is away from plaque (2) and the plaque shadow region is the peripheral area (3) of the plaque (4). All the areas stained with hematoxylin and eosin demonstrated the accumulation of infi ltrates (macrophages and lymphocytes), apparently highest in the plaque area followed by plaque shadow and away from plaque areas in cALD brain. Similarly, loss of myelin (Luxol Fast Blue-PAS staining) was greater in plaque than in areas of plaque shadow and away from plaque. Control/normal brain had no signifi cant infi ltration or loss of myelin. Photomicrographs are representative of three different brain samples from cALD and three different normal brains. Lipid analysis showed that accumulation of both VLCFA (C26:0) measured as absolute concentration by GC and cholesterol ester measured as fold change by high performance TLC was maximum in plaque compared with the plaque shadow and away from plaque areas. Data from biochemical analysis are expressed as mean ± SD. (n = 5, cALD; and n = 3, normal control brains). *** P < 0.001 versus control. Alterations in phospholipid homeostasis ( Table 1 ) led us to examine the expression of the lipid metabolizing lipo lytic enzyme cPLA2/p-cPLA2 as well as the major lipoxidative enzymes 5-LOX and COX-2 ( Figs. 2-4 ). All areas from the cALD brain exhibited increased immunoreactivities, not only for cPLA2 and 5-LOX but also for phospho-cPLA2 ( Fig. 4 ) and phospho-5-LOX ( Fig. 2 ) . In contrast to the expression of cPLA2 and 5-LOX, however, COX-2 was not overexpresssed except in the plaque area ( Fig. 2, lane 4) of the cALD brain. Compared with the cALD brain, the normal control brain had mild or undetectable expression of all three enzymes. Data indicating expression of 5-LOX studied by Western analysis in all three areas from the cALD white matter was supported by immunohistochemical study of 5-LOX in the same areas ( Fig. 3A ) . Both studies the events involved in VLCFA/lipid-mediated membrane perturbation and the transformation to a neuroinfl ammatory disease, we examined the lipid alterations and lipid-derived infl ammatory mediators in histologically normal as well as infl ammatory areas of the cALD brain as compared with the age-matched control brain.
Brain tissue sections/areas from white matter in cerebrum, as shown in Fig. 1 , were studied by hematoxylin and eosin and Luxol Fast Blue-PAS staining to determine levels of infi ltration and myelin. Both the plaque and plaque shadow areas had signifi cant infi ltration as well as demyelination. Infi ltration and demyelination in the cALD plaque area was biochemically supported by the accumulation of excessive VLCFA and cholesterol ester ( Fig. 1 ) . Surprisingly, the histologically normal area away from the plaque also showed demyelination and cellular infi ltration, albeit signifi cantly less than the plaque and the plaque shadow areas. The plaque shadow area had signifi cantly higher levels of VLCFA and cholesterol ester compared with the area away from the plaque. Nonetheless, all areas of the cALD brain had greater accumulations of VLCFA and cholesterol ester, higher infi ltration, and greater demyelination compared with the normal control white matter ( Fig. 1 ) . This fi nding is consistent with reduced levels of PE and SM in all areas of cALD white matter, as reported previously ( 11, 14 ) . However, compared with PE, the levels of PC did not change signifi cantly in these areas of the cALD brain, indicating specifi c alteration of PE ( Table  1 ). An earlier work by Theda et al. ( 13 ) reported increased levels of other phospholipids as well as PC in all areas of the cALD brain. However, this study was limited to only one patient. Our study in fi ve cALD brains showed remarkable alterations in the ratio of PC/PE and PC/SM in all three areas of the cALD brain ( Table  1 ). In addition to the altered levels, PC showed a significantly increased accumulation of C26:0 in the plaque area compared with other areas. Still, the plaque shadow and the area away from the plaque also had signifi cantly higher levels of C26:0 compared with the normal control. Remarkably, the levels of total AA (C20:4) were also increased in the plaque and the plaque shadow areas of the cALD brain compared with the normal control brain ( Table 1 ) . These lipid alterations indicate a functional abnormality of membrane-associated enzymes involved in lipid homeostasis and metabolism in the cALD brain. Fig. 1 ). Data are expressed as mean ± SD (n = 3) and were measured as g lipid/mg protein or as ratio. Levels of hexacosanoic acid (VLCFA; C26:0) in PC and AA (C20:4) were measured by GC in different areas of cALD and normal Ct brains. Data are expressed as mean ± SD (n = 3) and are presented as area percent change of the total identifi ed fatty acids. *** P < 0.001, ** P < 0.01, * P < 0.05 versus normal Ct; +++ P < 0.001, + P < 0.05 versus cALD-away from plaque. well as with activated microglia and infi ltrated macrophages ( Fig. 3C ; ED1 positive cells). The expression of p-cPLA2 was predominantly localized with astrocytes (GFAP positive cells) ( Fig. 4B ) . documented higher expression of 5-LOX in the plaque shadow than the other areas of the brain. A double labeling study revealed that the 5-LOX expression colocalized with astrocytes ( Fig. 3B ; GFAP positive cells) as 
5-Lipoxygenase toxicity in cALD
of oxidative stress in the pathobiology of cALD, we measured the expression of stress-related genes such as HSP-70 and MnSOD. Increased expression of MnSOD has been shown earlier in the cALD brain, indicating oxidative stress ( 17 ) . Here, we observed robust protein expression of MnSOD in all areas of the cALD brain. The normal control brain did not show the expression of MnSOD ( Fig. 6B ) . Similar to MnSOD, expression of HSP-70 was also remarkably increased in all three areas of the cALD brain under investigation ( Fig. 6B ) . Strong immunoreactivities for both MnSOD and HSP-70, even in the histopathologically normal area away from the plaque, are indicative of redox imbalance in the cALD brain.
5-LOX-derived leukotrienes in white matter of cALD brain
Leukotrienes (LTB4 and Cys LTs) have been reported to participate in neuroinfl ammation ( 36 ) , and higher leukotriene levels were also found in the CSF of cALD patients with demyelination or prior to demyelination ( 37 ) . Therefore, we investigated the levels of these leukotrienes in brain tissues using ELISA and observed several-fold higher levels of both LTB4 ( Fig. 5A ) and Cys LTs ( Fig. 5B ) in all areas of the cALD brain compared with the normal control brain. LTB4 levels were higher ( P < 0.05) in the plaque shadow area compared with the area away from the plaque and the plaque areas ( Fig. 5A ) . Interestingly, the levels of LTs ( Fig. 5 ) paralleled the expression of 5-LOX ( Fig. 3 ) in the three regions of the cALD brain.
Redox imbalance in white matter of cALD brain
Oxidative burden has been reported to play a role in the pathobiology of X-ALD ( 7, 8, 14, 17, 38 ) . We previously reported reduced levels of GSH in the plaque area of the cALD brain ( 39 ) . In this study, we measured the levels of GSH in the different areas of white matter of the cALD brain. The levels of GSH were decreased signifi cantly in all three areas compared with the normal control brain ( Fig. 6A ) . To further examine the status Fig. 5 . Levels of LTB4 and Cys LTs in different areas of cALD and normal control brains. Leukotrienes were measured in brain tissues using ELISA as described in Materials and Methods. The levels of both of the leukotrienes LTB4 (A) and Cys LTs (B) were increased in all the cALD brains. Data are representative of fi ve different samples from cALD and three different samples from control normal brains and are expressed as mean ± SD. Area wise results are presented as pg/g wet tissue. *** P < 0.001 versus normal control (Ct); + P < 0.05 versus plaque and away from plaque. resulted in a higher expression of 5-LOX than the treatment with C16:0 CoA (1 µM) in both the astrocytes ( Fig.  8A ) and the mixed glial cells ( Fig. 8B ) . The expression of 5-LOX in mixed glial cells was found to be prominent
Enriching of astrocyte and glial cell cultures with VLCFA results in increased expression of 5-LOX
To investigate whether VLCFA-mediated lipid modifi cation is directly responsible for initiating an infl ammatory disease process, we examined the status of 5-LOX in cultured primary astrocytes enriched with VLCFA. Gene silencing by SiRNA of Abcd1 and Abcd2 was used to increase the levels of VLCFA as described earlier ( 9 ) . We observed a linear relationship between the silencing-induced enhanced levels of VLCFA (26:0/22:0) and the expression of 5-LOX with increasing time after silencing ( Fig. 7 ) . On day 4 of the silencing, the levels of VLCFA (0.034 + .0025) and the expression of 5-LOX were greatest. Cells treated with Scramble (Scr) sequence showed neither accumulation of VLCFA nor increased expression of 5-LOX measured at day 4 following the nucleotide treatment. The silencing beyond day 4 had no signifi cant effects on either the levels of VLCFA or 5-LOX expression (data not shown). The silencing of Abcd1 or Abcd2 individually resulted in only a moderate increase in the levels of VLCFA as well as the expression of 5-LOX as compared with the silencing of both together ( 9 ) . Because treatment with a mixture of monoenoic fatty acids (oleic acid + erucic acid) has been documented to decrease levels of VLCFA ( 9 ), we investigated and observed that silencing of Abcd1+Abcd2 in the presence of oleic acid + erucic acid signifi cantly reduced the expression of 5-LOX as well as the levels of VLCFA ( Fig. 7 ) .
To further elucidate the relationship between excessive accumulation of VLCFA (C26:0) and the expression of 5-LOX, both primary astrocytes and mixed glial cells were treated with different concentrations of C26:0 CoA, C16:0 CoA, and CoA. Treatment for 6 days with C26:0 CoA (1 µM) 
5-Lipoxygenase toxicity in cALD
pared with other phospholipids, even in the histologically normal area away from the plaque. The effects of C26:0-and C20:4-enriched PC on its metabolizing enzymes, which include cPLA2 and p-cPLA2, and this enrichment's effects downstream to PLA2 have not been previously examined. Therefore, we investigated whether this cPLA2/5-LOX enzyme system, which relies mainly on PC, is involved in cALD disease pathology. The possible role of leukotrieneproducing enzymes in the pathology of infl ammatory demyelination in cALD is supported by the recent observation of increased LTs in the CSF of cALD patients ( 37 ) .
Expression of both cPLA2 and 5-LOX/p-5-LOX was found in all cALD brain areas, including the histologically normal area away from the plaque ( Fig. 2 ) . Detection of phosphorylated cPLA2 ( Fig. 4 ) and phosphorylated 5-LOX ( Fig. 2 ) indicates the presence of activated enzymes. Activation of cPLA2 requires low levels of calcium for membrane translocation and activity. Recently, VLCFA have been shown to alter calcium homeostasis ( 6 ), which might be responsible for the cPLA2 activity in VLCFA accumulation pathologies. Like cPLA2, 5-LOX requires calcium for membrane translocation. Its activity is dependent on its membrane association, especially its interaction with PC. We hypothesized that enrichment of PC with C26:0 causes a higher affi nity for 5-LOX than for COX-2 and thus increases 5-LOX activity/expression. The COX-2 enzyme, which does not require interaction with the membrane, was not induced in the histologically normal area away from the plaque, indicating that alteration in VLCFA does not affect COX-2 expression. Low expression of COX-2 in the infl ammatory plaque and plaque shadow areas may be a consequence of the infl ammatory cascade subsequent to the PC-induced increase in activity/expression seen with 5-LOX.
The expression of 5-LOX was elevated in astrocytes, not only in the plaque shadow and the plaque areas but also in the histologically normal areas away from the plaque ( Fig.  3 ) , suggesting it may be a sentinel marker in the cALD brain. The consequent LTs produced in astrocytes may affect the cells in both autocrine and paracrine fashions. in astrocytes as determined by coimmunostaining of 5-LOX + ve GFAP ( Fig. 8C ) . The C26:0 CoA-treated cells had 5-LOX expression present mainly in and around the nucleus of the cell ( Fig. 8C ) . Taken together, these observations support a link between the accumulations of VL-CFA and the expression of the 5-LOX enzyme.
DISCUSSION
The goal of this study was to investigate the intrinsic nature of VLCFA-mediated production of lipoxidative mediators and the consequent molecular events involved in cALD brain pathology. As the major substrate of cPLA2 and a modulator of 5-LOX activity, abnormally high proportions of PC enriched with C26:0 at the sn -1 position of the glycerol backbone may stabilize the membrane and aid in activating lipolytic enzymes to release AA from the sn -2 position. AA is subsequently metabolized by 5-LOX to produce LTs, which initiate an oxidative cascade. As a consequence, the LTs reduce GSH levels and form toxic adducts capable of inducing an immune response ( 25 ) . LTB4, the most potent chemoattractant, recruits leukocytes to the site of injury, contributing to infl ammation and thus may cause the pathology of cALD.
Data in Table 1 show that the absolute levels of PC in all the areas studied from the cALD brain were not significantly different compared with that from the normal control brain. However, the levels of both PE and SM were signifi cantly low in these areas, rendering the membrane signifi cantly enriched with PC. In fact, PC in the area away from plaque was found to be enriched with C26:0 by at least 8 times compared with the normal control ( Table 1 ) . Levels of C26:0 PC from both the plaque and plaque shadow areas were elevated to an even greater degree (16-35 times) ( Table 1 ). Similar accumulations of C26:0 in PC (up to 39 times) have been reported previously ( 13 ) . However, alongside this increase of PC, we also observed signifi cant accumulations of AA in all areas of the cALD brain ( Table 1 ). These observations document not only the PC abnormality but also its proportionately high level com- Rat mixed glial cells were treated with 1 µM C26:0 CoA, C16:0 CoA, and CoA ester for 6 days. Levels of fatty acids were measured using capillary GC. Data are expressed as mean ± SD (n = 3) and are presented as ratio as well as area percent change of the total identifi ed fatty acids. *** P < 0.001 versus 16:0 CoA, CoA ester, and untreated. PC fraction of phospholipids was isolated and purifi ed using HPTLC from rat mixed glial cells after treatment with 1 µM C26:0 CoA, C16:0 CoA, and CoA ester for 6 days. Levels of fatty acids were measured using capillary GC. Data are expressed as mean ± SD (n = 3) and are presented as ratio as well as area percent change of the total identifi ed fatty acids. *** P < 0.001 versus 16:0 CoA, CoA ester, and untreated.
by guest, on October 29, 2017 www.jlr.org
Downloaded from
Neural cells, including oligodendrocytes, have LT receptors. LTs modulate not only chemoattraction but also cell proliferation and cell death. Therefore, we hypothesize that LTs are involved in astrocytic proliferation and in the cell death of oligodendrocytes. LTB4 also recruits infl ammatory cells via chemokines. We have already reported that the cALD brain shows a robust chemokine involvement in all the areas of white matter ( 11 ) , which might be modulated by astrocytic 5-LOX/LTs. The expression of 5-LOX was also observed in microglia/macrophages ( Fig. 3C ) in the cALD brain, indicating its involvement in neuroinfl ammation. 5-LOX is reported to be expressed in immune cells, including microglia/macrophages under neuroinfl ammatory conditions ( 22, 24 ) .
Levels of both LTB4 and Cys LTs were signifi cantly increased in all areas, as shown in Fig. 5 . Cys LTs are known to deplete the levels of GSH, and a similar observation of decreased GSH levels in all areas of the cALD brain ( Fig. 6A ) supports the hypothesis that LTs may contribute to the observed oxidative burden, even in the histologically normal-looking area of the cALD brain. The VLCFA C26:0 has been implicated in reductions of GSH in cultured cells ( 8 ) , and it also alters calcium homeostasis and mitochondrial potential in neural cells, including oligodendrocytes ( 6 ) . Redox imbalance is supported by the enhanced expression of MnSOD and HSP-70 in the normal-looking area away from the plaque ( Fig. 6B ) . Increased expression of HSP-70 and MnSOD in the area away from the plaque further supports the notion that oxidative stress participates in the transition from metabolic to neuroinfl ammatory cALD.
We next investigated a potential causal relationship between the accumulation of VLCFA and the expression of 5-LOX. We measured the expression of 5-LOX as a result of increasing concentrations of C26:0 following gene silencing of both Abcd1 and Abcd2. The accumulation of C26:0 paralleled the expression of 5-LOX ( Fig. 7 ) , thus supporting the hypothesis that increased levels of VLCFA are directly responsible for the enhanced expression of 5-LOX. These conclusions were further supported by an in vitro study documenting the expression of 5-LOX following enrichment of astrocytic or mixed glial cell cultures with exogenous C26:0 ( Fig. 8 ) . Enhanced expression of 5-LOX correlates with the accumulation of C26:0 in the cells ( Table 2 ) as well as in the PC fraction of phospholipids ( Table 3 ). These observations of 5-LOX expression in cell culture models due to VLCFA-mediated derangement indicate a role of 5-LOX in the pathobiology of cALD.
Collectively, these results show that VLCFA accumulation directly increases 5-LOX enzyme expression and thus mediates the production of lipoxidative mediators. This identifi cation of 5-LOX-derived lipotoxicity provides a new, mechanism-based target for intervention in cALD.
